Flavocytochrome b 558 , the catalytic core of the phagocytic NADPH oxidase, mediates the transfer of electrons from NADPH to molecular oxygen to generate superoxide for host defense. Flavocytochrome b is a membrane heterodimer consisting of a large subunit gp91 phox (NOX2) and a smaller subunit, p22 phox . Although in neutrophils flavocytochrome b has been shown to localize to the plasma membrane and specific granules, little is known about its distribution in macrophages. Using immunofluorescent staining and live cell imaging of fluorescently tagged gp91 phox and p22 phox , we demonstrate in a Chinese hamster ovary cell model system and in RAW 264.7 and primary murine bone marrow-derived macrophages that flavocytochrome b is found in the Rab11-positive recycling endocytic compartment, as well as in Rab5-positive early endosomes and plasma membrane. Additionally, we show that unassembled p22 phox and gp91 phox subunits localize to the endoplasmic reticulum, which redistribute to the cell surface and endosomal compartments following heterodimer formation. These studies show for the first time that flavocytochrome b localizes to intracellular compartments in macrophages that recycle to the plasma membrane, which may act as a reservoir to deliver flavocytochrome b to the cell surface and phagosome membranes. T he generation of superoxide by the phagocytic NADPH oxidase provides antimicrobial defense essential to innate immunity. The NADPH oxidase is a multicomponent enzyme, comprised of a membrane-bound heterodimer, flavocytochrome b 558 , which consists of a large subunit, gp91 phox (NOX2), and a small subunit, p22
T he generation of superoxide by the phagocytic NADPH oxidase provides antimicrobial defense essential to innate immunity. The NADPH oxidase is a multicomponent enzyme, comprised of a membrane-bound heterodimer, flavocytochrome b 558 , which consists of a large subunit, gp91 phox (NOX2), and a small subunit, p22
phox , and cytosolic regulatory subunits p67 phox , p47 phox , p40 phox , and Rac (1) . Genetic deficiencies in the NADPH oxidase impair superoxide production and result in chronic granulomatous disease, which is characterized by a marked inability to kill certain microorganisms, resulting in frequent and life-threatening fungal and bacterial infections (2) . Proper targeting of the NADPH oxidase complex is also required for microbe killing. Thus, while several pathogens prevent NADPH oxidase assembly at the phagosome in macrophages and/or neutrophils as a means to evade killing by toxic oxidants (3) (4) (5) (6) (7) , others such as Helicobacter plyori (8) disrupt enzyme targeting such that active NADPH oxidase complexes accumulate at the cell surface, and superoxide is generated in the extracellular space instead of the phagosome lumen.
The subcellular distribution of flavocytochrome b has been well characterized in neutrophils. gp91 phox and p22 phox are synthesized as separate polypeptides in the endoplasmic reticulum (ER). 3 Human gp91
phox is generated from a core protein of 58 kDa (9) that is subsequently glycosylated to gp65, a high-mannose 65-kDa form in the ER that binds to heme, allowing for heterodimer formation with p22
phox (10 -13) . The heterodimer then traffics to the Golgi where gp91 phox is further glycosylated to the mature, 91-kDa form (13) . In resting neutrophils, the mature flavocytochrome is found primarily in the membrane of secondary granules, but it is also present in secretory vesicles, a type of endosome, and in the plasma membrane (14, 15) . Upon neutrophil activation by soluble or particulate stimuli, these internal compartments are mobilized to the cell surface or phagosomal membrane (16) .
Although the subcellular localization of flavocytochrome b is well established in neutrophils, its distribution in monocytes and, particularly, macrophages is incompletely defined, and the membrane compartments that contribute to delivery of flavocytochrome b to the phagosome are unknown. Studies using immunoelectron microscopy showed that relatively little flavocytochrome b localized to the plasma membrane in resting human monocytes, and it was mainly in small peroxidase-negative granules and vesicles, which, as in neutrophils, appear to be a pool that is rapidly mobilized to the plasma membrane upon cellular activation (16 -18) . Further characterization of these intracellular flavocytochrome b compartments in monocytes has not been reported. Studies in macrophages are even more limited. In human monocyte-derived macrophages, p22
phox and gp91 phox have been detected in the plasma membrane as well as in reticulo-vesicular intracellular structures, which were not further characterized (6, 19) , and in the plasma membrane of murine peritoneal macrophages (20) . A better understanding of the subcellular distribution of flavocytochrome b in macrophages may illuminate potential mechanism(s) that regulate localization of flavocytochrome b under homeostatic conditions and in response to phagocytic stimuli, and such understanding may also provide insight into how some pathogens subvert oxidase targeting to evade oxidative killing. Thus, the goal of our studies was to more fully characterize the distribution and trafficking of flavocytochrome b in macrophages. We generated fluorescently tagged p22 phox and gp91 phox probes and rigorously tested their functionality in Chinese hamster ovary cells (CHO-K1). Initial studies in CHO cells also investigated the role of the individual subunits in directing trafficking of the heterodimer. Localization of flavocytochrome b was then examined in both RAW 264.7 murine macrophages and primary murine bone marrow-derived macrophages (BMDM). Our results show that endogenous and transfected flavocytochrome b localizes to similar intracellular compartments in these three cell types, and we demonstrate for the first time that macrophage flavocytochrome b is present in intracellular compartments that recycle to the plasma membrane.
Materials and Methods

Abs and reagents
Anti-gp91 phox mAbs 54.1, and CL5 (21, 22) , as well as anti-p22 phox mAbs NS2 and 44.1 (23) , were kindly provided by A. J. Jesaitis (Montana State University). 7D5 mAb (anti-gp91 phox ), collected from hybridoma cells kindly provided by M. Nakamura (Nagasaki University) (24) , and a rabbit polyclonal anti-p22
phox (25) were described previously. The following Abs were purchased: anti-calnexin (Stressgen), anti-Rab11 (Zymed Laboratories), anti-␤-actin (Sigma-Aldrich), anti-GFP (Santa Cruz Biotechnology, catalog no. sc-8334), secondary HRP-conjugated Abs (Promega), and R-PE-conjugated rat anti-mouse IgG1 and anti-mouse CD16/CD32 (BD Pharmingen). Alexa Fluor-labeled secondary Abs and Alexa Fluor 647-labeled dextran (10,000 m.w., catalog no. D22914) were from Molecular Probes/Invitrogen. Mouse transferrin (Sigma-Aldrich) was iron loaded and tagged to Alexa Fluor 647 (Molecular Probes) to generate mTfn-AF647 as previously described (26) . PBS (pH 7.2), penicillin/streptomycin, neomycin, trypsin/EDTA, DMEM with low glucose, ␣-MEM, Ham's F12K medium, cell dissociation buffer, and Lipofectamine 2000 were purchased from Invitrogen. FCS and bovine growth serum were purchased from HyClone Laboratories. All other reagents were from Sigma-Aldrich.
Fluorescently tagged p22
phox and gp91 phox expression constructs
Fluorescently tagged probes utilized in our studies are listed in Table I . For generation of p22 phox full-length (wild-type) and p22 phox C-terminal deletion fragments, primers specific to p22 phox (available on request) were developed to amplify the desired region of p22 phox and to add HindIII and EcoR1 restriction sites at the 5Ј and 3Ј regions of the amplified human p22 phox cDNA. Amplified fragments were cloned into the HindIII and EcoR1 sites of the mammalian expression vector enhanced yellow fluorescent protein (eYFP)-N1 (Clontech) to generate p22 phox phox (referred to as CFP91, sequence available upon request). This construct expressed gp91 phox tagged at its N terminus with CFP, with an intervening 31 amino acids, where 22 were derived from polylinker sequence carried over from the insert in gp91
phox /Bluescript KSϩ and nine were from the multiple cloning site within eCFP-C1. gp91 phox was further subcloned from eCFP-C1/gp91 phox into the monomeric citrine fluorescent protein (mCIT)-C1 (provided by J. Swanson, University of Michigan) to generate mCIT-C1/gp91 phox using the HindIII and XhoI multiple cloning sites to maintain the same linker between the fluorescent tag and gp91
phox . Citrine is a derivative of YFP with a single amino acid change that reduces potential changes in fluorescence due to low pH, but otherwise functions essentially the same as YFP (28) ; for simplicity, mCIT-C1/gp91
phox will be referred to as YFP91 (see Table I ).
pEF-and pRK5-based vectors for expression of p47 phox and p67 phox were described previously (29) . Rab11eCFP (30) and Rab11eGFP (31) were described previously. The following expression vectors were generous gifts: Rab5eGFP (G. Li, Washington University), Rab7eGFP (A. Wandinger-Ness, University of New Mexico), and Fc␥RIIa-GFP and PH-(PLC␥)-GFP (S. Grinstein, Hospital for Sick Children, Toronto).
Retroviral vectors
A YFP-expressing retroviral vector, MSCV-eYFPN1, was generated by subcloning the eYFP cDNA and the multiple cloning sites up to and including BglII at the 5Ј end of eYFP from peYFP-N1 (Clontech) into the MSCV-pac vector backbone (Clontech) after removing the puromycin expression cassette. Human p22 phox was then subcloned from p22eYFP-N1 (described above) using the HindIII and EcoR1 sites and inserted into pMSCV-eYFP-N1 to generate pMSCV-p22eYFP-N1 (referred to as MSCV-22YFP). Retroviruses were packaged using a pantropic retroviral expression system (Clontech) and stored at Ϫ80°C until use, according to the manufacturer's instructions.
Transgene expression in CHO-K1 and RAW 264.7 cell lines
CHO-K1 and RAW 264.7 cell lines utilized in these studies are listed in Table II . Parental CHO cells or derivatives expressing NADPH oxidase transgenes were transfected using Lipofectamine 2000 according to manufacturer's instructions. CHO-22 and CHO-91-67-47, which will be referred to as CHO-22 and CHO-91 (32), respectively, were previously generated for stable expression of untagged p22 phox and gp91 phox . Similarly, CHO-K1 cells were transfected with YFP91 or cotransfected with p47 phox and p67
phox to generate CHO-YFP91 and CHO-47-67 cell lines. 22YFP was transfected in the CHO-91 cell line to generate CHO-91-22YFP cells. CHO-91-22YFP cells express p47 phox and p67 phox , but for the purposes of these experiments, the absence or presence of p47 phox and p67 phox has no significant effect on the localization of p22 phox , which is illustrated by the similar distributions of 22CFP, expressed in CHO-YFP91 cells that lack p47 phox and p67 phox , and 22YFP, expressed in CHO-91-22YFP cells that express p47
phox and p67 phox (see Figs. 2B and 3C). For stable expression of YFP-tagged proteins in CHO-YFP91 and CHO-91-22YFP cell lines, cells were selected in 1.6 mg/ml neomycin for at least 2 wk, followed by flow cytometric cell sorting (FACSAria, BD Biosciences) to collect strongly fluorescent cells and to discard cells with little to no fluorescence. Cell sorting increased the percentage of positive 22YFP cells from 18% to 75% in the CHO-91-22YFP cell line and 22% to 70% in the CHO-YFP91 cell line. After sorting, CHO-YFP91 cells were maintained in 0.8 mg/ml neomycin, and CHO-91-22YFP cells were maintained in 0.8 mg/ml neomycin, a The fluorescently tagged proteins used in this study are shown along with the abbreviated nomenclature. All transgenes were of human origin except for those marked with an asterisk, which are of rabbit origin. For constructs expressing YFPtagged p22
phox and C-terminal-deleted derivatives, the amino acids present in fulllength (amino acids and truncated forms are indicated.
1 g/ml puromycin, and 0.2 mg/ml hygromycin. CHO cells were cotransfected with expression vectors for p47 phox and p67 phox , and clones were obtained by limiting dilution in medium containing puromycin and hygromycin as described previously (29) . CHO parental and derivative cell lines were maintained in Ham's F12 medium, 10% bovine growth serum, 0.15% sodium bicarbonate, 10 U/ml penicillin, and 100 g/ml streptomycin as previously described (33) .
RAW 264.7 macrophages were transfected using a cell line Nucleofector solution kit V (Amaxa), according to the manufacturer's instructions. RAW 264.7 cells were transfected with the 22YFP vector to generate a RAW-22YFP stable cell line. After at least 2 wk in selection in 1.6 mg/ml neomycin, RAW-22YFP clones were selected by limiting dilution in 96-well plates followed by screening using flow cytometry for YFP. RAW 264.7 cells were also transfected with YFP91, Fc␥RIIa-GFP, or PH-(PLC␥)-GFP and selected in 0.8 mg/ml neomycin to generate RAW-mCIT-C1/gp91 phox (referred to as RAW-YFP91), RAW-Fc␥RIIa-GFP (referred to as RAW-FcR-GFP), and RAW-PH-(PLC␥)-GFP (referred to as RAW-PH-GFP) cell lines. RAW 264.7 cells were maintained with or without selection antibiotics in low-glucose DMEM, 10% heat-inactivated FCS, 10 U/ml penicillin, and 100 g/ml streptomycin.
For passaging of cells in culture or collecting cells for analysis, CHO and RAW 264.7 cells were harvested using trypsin (0.05% in EDTA) as described previously for CHO cells (33) .
Mice
Homozygous nmf333 mice (A.B6-Tyr ϩ /J genetic background), which harbor a T to C point mutation in the Cyba gene encoding p22 phox and lack expression of p22 phox , were kindly provided by Botond Banfi (University of Iowa, Iowa City, IA) (34) . C57BL/6J mice were obtained from The Jackson Laboratory.
Retroviral transduction of murine bone marrow (BM) and macrophage differentiation
Retroviral transduction of murine BM cells with MSCV-22YFP was performed as previously described (35) . Briefly, 3 days following i.p. injection of 150 mg/kg 5-fluorouracil, BM cells were harvested from femurs and tibias by flushing with ␣-MEM. The day of BM harvest was considered day 0. BM cells were pelleted and resuspended in prestimulation media (␣-MEM with 20% heat-inactivated FCS, 100 ng/ml SCF, 100 U/ml IL-6, 10 U/ml penicillin, and 100 g/ml streptomycin) for 48 h. On days 2-4, cells were transduced every 24 h with retrovirus supernatant. On day 4, after the last 4 h of transduction, the combined suspended and adherent cells were collected using cell dissociation buffer and differentiated into BMDM as described previously, with some minor changes (36) . Transduced BM cells (5 ϫ 10 5 ) were suspended in 3 ml of ␣-MEM media containing 20% heat-inactivated FCS, 25 ng/ml murine M-CSF (PeproTech), 10 U/ml penicillin, and 100 g/ml streptomycin instead of DME-10F media containing 20% heat-inactivated FCS and 30% L cell-conditioned medium. Additionally, we initially plated BM cells in one well of a 6-well tissue culture dish for 3 days in differentiation media and then transferred the nonadherent cells to a 150-mm petri dish (non-tissue culture plastic) for an additional 3-4 days in differentiation media, which replaced the previous method of differentiation in petri dishes for 6 -7 days.
SDS-PAGE and Western blotting
Ten micrograms of total protein from Triton X-100 cell extracts was added to each well of a 9% or 12% SDS-polyacrylamide gel, electrophoresed, transferred to nitrocellulose membranes, and probed for protein expression by immunoblotting as described (29, 33) . Primary Abs were used at the following dilutions in Tris-buffered saline with 0.1% Tween 20 (TBST): rabbit anti-GFP, which also recognizes YFP (1/ 1,000), mouse anti-gp91 phox (1/1,000 -5,000 for either 54.1 or CL5), rabbit anti-p22 phox (1/5,000 -10,000), mouse anti-p22 phox (1/500 -1,000), mouse ␤-actin (1/10,000), and secondary HRP-conjugated Abs (1/10,000).
Flow cytometry gp91
phox cell surface expression and the transfection efficiency of fluorescently tagged proteins were evaluated by flow cytometry. CHO cells were suspended at 0.5-1.0 ϫ 10 6 cells/ml in FACS buffer (0.1% BSA in PBS) with 10% normal goat serum for 30 min and kept at 4°C throughout the staining procedure. 7D5 supernatant and PE-conjugated secondary Ab (1/ 200) were diluted in FACS buffer and incubated with cells for 30 min. Fluorescence was measured by FACScan (BD Biosciences). In some experiments, stained cells were fixed with 1% paraformaldehyde at 4°C overnight and subsequently analyzed 24 -48 h later, with results the same as those obtained with freshly stained, unfixed cells.
NADPH oxidase activity
Superoxide dismutase-inhibitable NADPH oxidase activity in CHO cells was measured by isoluminol-ECL following stimulation with arachidonic acid as described previously (33) . The number of cells per assay was increased from 1 ϫ 10 5 to 2 ϫ 10 5 cells/well for CHO-22 cells transfected with p47
phox , p67 phox , and CFP91 or CFP (Fig. 1D ) due to lower transfection efficiency when introducing three plasmids.
Labeling of cells with fluorescently tagged ligands
Cells plated on coverslips were washed once in their corresponding media (37°C, no serum) and then incubated with mTfn-AF647 or Alexa Fluor 647-labeled dextran (Dex-AF647) diluted in the same media for the times indicated. For live cell imaging, cells plated on MatTek coverslip dishes were washed once in PBS (37°C) and then incubated with fluorescently tagged ligands diluted in 0.01 M HEPES buffer in PBSG. mTfn-AF647 (20 g/ml) was used for labeling recycling endosomes in CHO cells and 5 g/ml for labeling recycling endosomes in macrophages. Dex-AF647 (10 g/ml) was used for labeling lysosomes in CHO cells. In some experiments, cells were chased with media (37°C) as described.
Serum opsonization of zymosan
Human serum was collected from six donors as described previously (37) using a protocol approved by the Institutional Review Board of Indiana University, and all donors provided informed consent. Zymosan A (from Saccharomyces cerevisiae; Sigma-Aldrich) was suspended at 20 mg/ml in PBS, sonicated at maximum speed on ice for 10-s intervals (repeated five times), washed in PBS, and resuspended to 20 mg/ml. Sonicated zymosan was opsonized with human serum as described previously (37) .
Synchronized phagocytosis assay
RAW 264.7 cells and BMDM were plated on coverslips at ϳ50 -70% confluency 24 h before phagocytosis assay. Serum-opsonized zymosan (SOZ) was diluted 1/100 -1/500 to result in approximately three to five zymosan particles per cell. After adding SOZ, cells were centrifuged at room temperature for 2 min at 800 ϫ g and then fixed immediately or incubated for an additional 13 min at 37°C for a total of 2 or 15 min to allow for internalization. Cells were then washed twice with PBS (room temperature) and then fixed, permeabilized, and stained as described below.
Indirect immunofluorescence microscopy
CHO and RAW 264.7 cells were plated on glass coverslips coated with 0.01% gelatin, while BMDM were plated on uncoated, acid-washed coverslips. Following 24 -48 h culture, when cells were 50 -80% confluent, monolayers were washed once in PBS, fixed in 4% paraformaldehyde for 10 min at room temperature, permeabilized in methanol/acetone for 5 min at 4°C as described (38) , washed in PAB (2% BSA, 0.05 g/L NaN 3 in PBS), and then blocked in 10% goat serum in PAB for 30 min at room temperature or overnight at 4°C. Primary Abs were diluted in 5% goat serum in PAB at the following concentrations: anti-calnexin (1/400), antiRab11 (1/400), 54.1 mAb anti-gp91 phox (1/1000), 44.1 mAb anti-p22 phox (1/2), and anti-CD16/CD32-PE (1/50). After 1 h of incubation, coverslips were washed and incubated with Alexa Fluor secondary Abs (1/600) in 10% goat serum in PAB for 45-60 min at room temperature. Coverslips were washed and mounted with Dako fluorescent mounting media. The specificity and optimal concentration of mAb 54.1 for immunofluorescence microscopy was determined by comparing gp91 phox in CHO parental to CHO-91-67-47 cells (not shown), and by comparing wild-type BMDM to BMDM obtained from gp91 phox -null chronic granulomatous disease mice (39) .
Live cell imaging
Cells were plated onto MatTek coverslip dishes 24 -72 h before imaging to result in ϳ50 -70% confluency at the time of analysis. Cells were washed with PBSG (29) and then imaged in 0.01 M HEPES buffer (Sigma-Aldrich) in PBSG at 37°C.
Confocal microscopy
Images from cells grown on coverslips or MatTek coverslip dishes were acquired on one of two confocal systems: a Zeiss LSM510 or a PerkinElmer-Cetus Ultraview mounted on a Nikon TE 2000U inverted microscope equipped with an Andor CCD camera. On both systems, a vertical series of images was collected using a Nikon 100ϫ, NA 1.4ϫ oil immersion planapochromatic objective. For most images, the optimal single plane for each subcellular compartment is shown as follows: for the ER or the plasma membrane, the substrate-adherent surface is shown, and for the endocytic recycling compartment, the middle of the cell is shown.
Image analysis using ImageJ
Images acquired from confocal systems were opened in ImageJ and single plane images (0.16 -0.5 m Z sections) were saved as individual TIFF files after only cropping or adjusting the brightness and/or contrast; no other modifications were performed. For some images acquired from BMDM, a vertical stack was merged using the z-stack projection tool of ImageJ (40) . A total of at least 50 cells from at least three independent experiments were analyzed unless otherwise stated in the figure legend.
Results
Fluorescently tagged flavocytochrome b subunits form functional heterodimers
In neutrophils, the stability of the individual flavocytochrome b subunits (gp91 phox and p22 phox ) is dependent on heterodimer formation, and free monomers are rapidly degraded by the proteasome. However, in CHO cells, which lack detectable endogenous gp91 phox or p22 phox , the individual subunits are stable and can be highly expressed (32, 33) . In the absence of p22 phox , gp91 phox is expressed in CHO cells predominantly as gp65, with little detected on the cell surface. Coexpressed gp91 phox and p22 phox form heterodimers and coimmunoprecipitate in CHO cells, which correlates with carbohydrate maturation of gp91 phox , resulting in an increase in size to 91 kDa and a marked increase in gp91 phox cell surface expression (33) . These results suggest that either p22 phox or the heterodimer harbor localization signals that direct trafficking of flavocytochrome b to the cell surface, although the intracellular compartments where each subunit was localized in the absence or presence of its binding partner were not well defined in these studies.
To examine the subcellular distribution of individual subunits and the flavocytochrome b heterodimer, we developed constructs to express fluorescently tagged derivatives of p22 phox and gp91 phox to visualize their location by confocal microscopy. YFP-, CFP-, and RED-tagged constructs were generated (Fig. 1A) to allow analysis of subcellular targeting and the extent of subunit colocalization. Tags were placed on the C terminus of p22 phox and the N terminus of gp91 phox , as depicted in Fig. 1A . We hypothesized that tags at these positions would less likely impair protein function based on previous studies that found that the N terminus of p22 phox and the C terminus of gp91 phox were sensitive to mutagenesis and/or placement of an epitope tag (33, 41) . Fluorescently tagged subunits were each expressed in parental CHO cells following transient transfection, and Western blotting of cell lysates confirmed that the chimeras were expressed at the predicted molecular masses (Fig. 1B and not shown) . For example, with the addition of the YFP or CFP tag (ϳ25 kDa), 22YFP was expressed at 47 kDa (Fig. 1B) and CFP91 was expressed predominantly as a 91-kDa protein, corresponding to gp65 detected in CHO-91 cells (Fig. 1B) .
It was essential that the tagged subunits were capable of heterodimer formation. As mentioned earlier, this correlates with increased molecular mass of gp91 phox as a result of carbohydrate maturation, and increased gp91 phox cell surface expression. In CHO-91 cells, transient expression of 22YFP but not YFP induces formation of the 91-kDa form of gp91 phox , consistent with heterodimer formation between 22YFP and gp91 phox (Fig. 1C , left (Fig. 1C, right panel) . Additionally, untagged and fluorescently tagged gp91 phox cell surface expression increased when coexpressed with tagged or untagged p22 phox (supplemental Fig. S1 ). 4 (Fig. 1D, left panel) .
CFP-tagged gp91
phox but not CFP alone was also functional when transiently coexpressed with p47 phox and p67 phox in CHO-22 cells (Fig. 1D, middle panel) . Transient coexpression of CFP91 and 22YFP in CHO cells with stable expression of p47 phox and p67 phox also supported NADPH oxidase activity (Fig. 1D, right panel) . These results establish that fluorescently tagged gp91 phox and p22 phox form functional heterodimers with each other and with the untagged partners.
The individual subunits p22
phox and gp91 phox localize to the ER in CHO cells
The intracellular compartments in CHO cells where p22 phox and gp91 phox reside in the absence or presence of each other were not well characterized in previous studies (32, 33) . In promyelocytic PLB-985 cells, which are an undifferentiated neutrophil precursor cell line, unassembled gp91 phox and p22 phox reside in the ER membrane before heterodimer formation (13) . To determine whether the distribution of unassembled subunits in CHO cells is similar to neutrophil precursors and to examine whether placement of the fluorescent tag altered this distribution, the subcellular location of untagged and fluorescently tagged p22 phox and gp91 phox was evaluated by confocal microscopy. Both untagged p22 phox and gp91 phox in CHO-22 and CHO-91 cell lines, respectively, had an intracellular reticular distribution as visualized by immunofluorescence microscopy ( Fig. 2A) . A similar distribution for 22YFP and for YFP91 when each was transiently expressed in CHO-WT cells was detected in living cells (Fig. 2B ) and in cells fixed and permeabilized (Fig. 2C, left panel) . These results show that neither subunit localized predominantly to the plasma membrane and that neither the fluorescent tag nor cell fixation and permeabilization altered the apparent location of p22 phox or gp91 phox . The intracellular reticular distribution of p22 phox and gp91 phox shown in Fig. 2 , A and B, is characteristic of the ER. Moreover, 22YFP and the ER marker calnexin strongly colocalized as shown in Fig. 2C (top right panel) . Similar data were obtained for YFP91 and calnexin (Fig. 2C, bottom panels) . Thus, these data indicate that p22 phox and gp91 phox localize primarily to the ER when each is expressed individually in CHO-WT cells, consistent with studies performed using immature myeloid cells (13) .
Heterodimers of p22
phox and gp91 phox traffic to the plasma membrane
Formation of heterodimers upon coexpression of p22
phox and gp91 phox in CHO cells correlates with a marked increase in gp91 phox cell surface expression as detected by flow cytometry (33) . Based on these studies and our present results localizing the individual subunits to the ER, we hypothesized that heterodimer formation may direct trafficking of flavocytochrome b to the plasma membrane. To test this, we transiently expressed increasing amounts of a plasmid for 22CFP into CHO cells with stable expression of YFP91 (CHO-YFP91 cells). Western blot analysis showed that increasing expression of 22CFP resulted in increasing amounts of the mature ϳ115-kDa form of YFP91 (Fig. 3A) , consistent with increasing formation of the flavocytochrome b heterodimer.
We next evaluated the subcellular distribution of YFP91 and 22CFP following transient expression of increasing amounts of 22CFP in CHO-YFP91 cells. As previously shown for transiently expressed YFP91, stably expressed YFP91 was present in a reticular pattern in the absence of 22CFP (Fig. 3A) , consistent with localization to the ER (Fig. 2, A and B) . The reticular distribution of YFP91 disappeared in parallel with increasing expression of 22CFP and was replaced by enrichment of YFP91 in the plasma membrane (Fig. 3C, arrowheads and arrows) . The change in YFP91 distribution was dependent on the amount of 22CFP. In transfections with only 1.0 g of 22CFP plasmid DNA, cells showed localization of YFP91 to either the ER (asterisks), to the ER and plasma membrane (arrowheads), or to the plasma membrane (arrows) (Fig. 3C) . In contrast, for cells transfected with 4 The online version of this article contains supplemental material. 4.0 g of 22CFP plasmid DNA, YFP91 is almost always detected in the plasma membrane.
Parallel effects were seen for the distribution of p22 phox . Unlike the ER localization of p22 phox when expressed in the absence of gp91 phox (Fig. 2, A and B) , 22CFP expressed in the presence of YFP91 localized to the plasma membrane (Fig. 3C) . In some cells overexpressing 22CFP, 22CFP was present both in the plasma membrane and a reticular distribution (Fig. 3C, wide arrows) , but only the plasma membrane protein colocalized with YFP91, suggesting that the reticular pattern corresponded to unassembled 22CFP subunits expressed in excess of YFP91. Thus, the partner in excess stays in the ER while the assembled heterodimer localizes to the plasma membrane. Taken together, these results clearly illustrate a change in subunit location with their coexpression, and they show that heterodimer formation is accompanied by trafficking to the plasma membrane. These results also support a requirement for heterodimer formation, rather than determinants from one of the individual subunits, to efficiently traffic flavocytochrome b to the cell surface.
Of interest, we also detected flavocytochrome b in CHO-YFP91 cells coexpressing 22CFP in intracellular vesicles near the plasma membrane (Fig. 3D, top panel) and in a perinuclear location (Fig.  3D, bottom panel) . These findings suggested that a portion of flavocytochrome b in CHO cells resides in endocytic compartments that may recycle to the plasma membrane. The perinuclear vesicles were best seen in images collected from the middle of the cell (Fig.  3D, bottom panel) , consistent with the perinuclear accumulation of the endocytic recycling compartment characteristic for CHO cells (42) .
To exclude the alternative possibility that coexpression of gp91 phox and p22 phox and not heterodimer formation per se changed the subcellular distribution of the individual subunits, CHO-WT cells were transiently cotransfected with 22YFP and a H115L mutant of gp91 phox (43) . This residue is thought to contribute to heme binding, and replacement with a leucine residue prevents heme incorporation and heterodimer formation with p22 phox (43) . Western blot analysis showed that gp91 phox H115L was expressed in CHO cells predominantly as the 58-kDa and 65-kDa forms with no apparent gp91 phox maturation (supplemental Fig. S2 ), as seen previously in PLB-985 promyelocyte and COS7 cell lines (43) . Confocal analysis of 22YFP and gp91 phox H115L showed both proteins localized to a reticular compartment that resembled the ER (supplemental Fig. S2 ). These results support the notion that heterodimer formation is required to efficiently traffic p22 phox and gp91 phox to the plasma membrane, while the unassembled subunits remain in the ER.
Characterization of a CHO-91-22YFP cell line for evaluating trafficking of flavocytochrome b in CHO cells
To characterize the intracellular compartments to which flavocytochrome b is trafficked in CHO cells (Fig. 3) , we developed a CHO-91 cell line that stably expressed 22YFP (CHO-91-22YFP cells) to allow simultaneous localization of flavocytochrome b and tagged markers of different membrane compartments. Western blot analysis and flow cytometry showed increased gp91 phox maturation to the 91-kDa form and increased gp91 phox cell surface expression in CHO-91-22YFP cells compared with CHO-91 cells (Fig. 4, A and B) . However, some gp65 was still present (Fig. 4A) , indicating that not all the gp91 phox was incorporated into flavocytochrome b. Confocal microscopy of CHO-91-22YFP cells showed that 22YFP localized to the plasma membrane and intracellular vesicles near the plasma membrane, as well as a perinuclear compartment (Fig. 4C, left panels) , similar to CHO-91 cells that transiently expressed 22YFP (Fig. 3) . 22YFP did not colocalize with the ER marker calnexin in CHO-91-22YFP cells (Fig. 4C , middle panels), as shown in images collected from the bottom of the cell. In contrast, gp91 phox was present in both a reticular pattern, which colocalized with calnexin (Fig. 4E, arrowheads) , and at the plasma membrane, where it colocalized with 22YFP ( Fig. 4D,  arrowheads) . Taken together, these data indicate that gp91 phox was expressed in excess of 22YFP in the CHO-91-22YFP cell line, resulting in unassembled gp91 phox accumulation in the ER, while 22YFP and gp91 phox colocalized in the plasma membrane and intracellular compartments distinct from the ER. Thus, we used 22YFP as an indicator of flavocytochrome b targeting in this cell line.
Flavocytochrome b localizes to the endocytic recycling compartment in CHO cells
The CHO-91-22YFP cell line described above (Fig. 4) was used to investigate trafficking of flavocytochrome b via detection of the YFP tag on p22
phox . The perinuclear location of flavocytochrome b-containing vesicles (Figs. 3D and 4C) is characteristic of the endocytic recycling compartment in some cell types, including CHO cells (44, 45) , which is defined by the GTPase Rab11 (42) . As shown in Fig. 5A , 22YFP strongly colocalized with Rab11 near the nucleus of CHO-91-22YFP cells. Transiently expressed Rab11CFP and 22YFP also colocalized in CHO-91-22YFP cells (Fig. 5B) . In contrast, 22YFP expressed in CHO cells in the absence of gp91 phox did not colocalize with Rab11 (not shown). These results suggest that a portion of flavocytochrome b in CHO cells resides in the endocytic recycling compartment.
Although widely used as a marker for recycling endosomes (42, 46) , Rab11 may also traffic between the trans-Golgi network and the cell surface (47) . Thus, to better define the Rab11-positive perinuclear compartment in our studies, we also analyzed the extent to which flavocytochrome b colocalized with internalized transferrin, a marker for recycling endosomes that does not traffic to the Golgi. Transferrin is endocytosed upon binding to the transferrin receptor, is subsequently delivered to the recycling compartment, and then traffics back to the plasma membrane (26, 48) . Recycling endosomes in CHO-91-22YFP cells were loaded with tagged transferrin, Tfn-AF647, using a 5-min pulse followed by a 25-min chase. 22YFP showed strong colocalization with Tfn-AF647 in a perinuclear location as shown in the merged image (Fig. 5C, inset) . These findings provide additional evidence that flavocytochrome b recycles from the plasma membrane to the endocytic recycling compartment.
A recent model of endosome sorting (49) indicates Rab5-positive early endosomes branching into one of three pathways: 1) Rab4-positive endosomes, which rapidly recycle to the plasma membrane without entering the Rab11-positive compartment; 2) the Rab11-positive endocytic recycling compartment for slow trafficking back to the plasma membrane; or 3) Rab7-positive late endosomes that subsequently fuse with lysosomes for cargo degradation. To determine whether flavocytochrome b also accumulated on compartments in the degradative pathway, we evaluated the extent of flavocytochrome b colocalization with Rab7 and with lysosomes preloaded with dextran. To this end, 22RED and Rab7GFP were transiently coexpressed in CHO-91 cells, using only a small amount of each plasmid (1 g). 22RED localized to the plasma membrane in CHO-91 cells and had increased expression in the perinuclear compartment (supplemental Fig. S3 ), similar to 22YFP in CHO-91-22YFP cells (Fig. 5) . However, 22RED did not colocalize with Rab7GFP (supplemental Fig. S3 ). Colocalization of flavocytochrome b with lysosomes was analyzed in CHO-91-22YFP cells after a 50-min incubation with fluorescently tagged dextran (Dex-AF647) to label lysosomes. 22YFP did not colocalize with Dex-AF647 (supplemental Fig. S3 ), further indicating that flavocytochrome b does not accumulate in organelles of the degradative pathway.
C-terminal deletion of p22
phox does not affect localization of flavocytochrome heterodimer to the plasma membrane and recycling endosomes phox expression. Flow cytometry and immunoblotting with an anti-YFP Ab showed that the YFP-tagged proteins were expressed at similar levels (Fig. 6, A and B) and had increasing mobility in a SDS-PAGE gel with progressive removal of the C terminus (Fig. 6B) . Increased cell surface expression and maturation of gp91 phox , consistent with heterodimer formation, was seen with coexpression of 22YFP, 172YFP, or 149YFP, but not 131YFP (Fig. 6, A and B) , as previously seen using untagged p22 phox truncations (33) . Confocal microscopy showed that all YFP-tagged p22 phox mutants, in the absence of gp91 phox , localized to the ER (Fig. 6C ). When coexpressed with excess gp91 phox , 172YFP and 149YFP were present in both the perinuclear recycling compartment, best seen in live images (Fig. 6D, arrows) , and in the plasma membrane, where they colocalized with gp91 phox , similar to full-length 22YFP (Fig. 6D, arrowheads in merge panels) . In contrast, 131YFP remained in the ER when coexpressed with gp91 phox (Fig.  6D) , as expected from failure to form heterodimers. Thus, C-terminal aa 149 -195 in p22
phox do not appear to contain localization signals required for trafficking of flavocytochrome b to the plasma membrane or to the perinuclear endocytic recycling compartment. 
Flavocytochrome b localizes to Rab11-positive recycling endosomes in a murine macrophage cell line
We next investigated the distribution of flavocytochrome b in murine macrophages using Abs specific for endogenous gp91 phox , and we determined whether this included Rab11-positive recycling endosomes, as seen in the CHO cell model. In wild-type RAW264.7 macrophages, transiently expressed Rab11GFP colocalized with endogenous gp91 phox on vesicles near the plasma membrane (Fig.  7A, top panel, arrowheads) and near the nucleus (Fig. 7A, bottom  panel, insets) . Of note, the distribution of gp91 phox was similar in adjacent cells that did not express Rab11GFP (Fig. 7A, bottom  panel, arrows) , indicating that overexpression of Rab11GFP did not alter gp91 phox targeting. The subcellular distribution of endogenous Rab11 detected by immunofluorescence microscopy was similar to Rab11GFP (not shown).
As a second approach to examine whether flavocytochrome b was associated with the endocytic recycling compartment in macrophages, we performed a pulse-chase experiment using fluorescently tagged transferrin (Tfn-AF647, 5 g/ml) and RAW-WT cells transiently expressing Rab11GFP. After a 5-min pulse with Tfn-AF647 followed by a 25-min chase, cells were fixed, permeabilized, and stained to detect endogenous gp91 phox . As shown in Fig. 7B, Rab11GFP, gp91 phox , and Tfn-AF647 colocalized in the perinuclear region (arrowheads) and in vesicles near the plasma membrane (insets, arrows). Taken together with the colocalization with Rab11, these data demonstrate for the first time that a portion of macrophage flavocytochrome b localizes to the endocytic recycling compartment.
Macrophage flavocytochrome b also colocalizes with the plasma membrane and early (sorting) endosomes, but not late endosomes
Flavocytochrome b was also present at the periphery of RAW 264.7 cells (Fig. 7) . To verify that this represented targeting to the plasma membrane, we stably expressed a GFP-labeled PH domain of phospholipase C (50) to mark the inner leaflet of the plasma membrane of RAW 264.7 cells. As shown in Fig. 8A , PH-GFP colocalized with endogenous gp91 phox at the cell surface.
In addition to Rab11-positive structures, flavocytochrome b was detected in other vesicular populations (Fig. 7A) . The extent of flavocytochrome b targeting to early (sorting) endosomes and late endosomes was therefore evaluated by comparison with Rab5GFP and Rab7GFP transiently expressed in RAW-WT cells. Flavocytochrome b exhibited modest colocalization with Rab5GFP in vesicles near the plasma membrane (Fig. 8B, top panel, insets) and near the perinuclear compartment (Fig. 8B, bottom panel, arrows) . In contrast, the distribution of flavocytochrome b had little, if any, overlap with the late endosome marker Rab7GFP, which accumulated on large vesicles dispersed throughout the cell (Fig. 8C , arrowheads), but not in the perinuclear compartment (Fig. 8C,  arrows) .
Collectively, these data indicate that flavocytochrome b in macrophages resides in both early endosomes and the endocytic recycling compartment, suggesting that flavocytochrome b under homeostatic conditions undergoes recycling from the plasma membrane.
Fc␥ receptors accumulate in the plasma membrane, but not in recycling endosomes
Although it is known that some surface receptors recycle while others are targeted for degradation in lysosomes (51), the extent to which different plasma membrane proteins traverse the endocytic recycling compartment is unclear. For comparison to flavocytochrome b, we investigated whether the Fc␥ receptor was present in the endocytic recycling compartment in RAW phox to the endocytic recycling compartment was not dependent on expression of Rab11GFP (top panel, arrows). Single-plane z-stack slices taken from the bottom and middle of the cell are shown. B, RAW-WT transfected with Rab11GFP were incubated with Alexa Fluor 647-conjugated transferrin (TfnAF647, 5 g/ml) for 5 min at 37°C followed by a 25-min chase at 37°C to label the endocytic recycling compartment. Cells were fixed, permeabilized, and stained for gp91 phox . Colocalization of gp91 phox and Rab11GFP (top panel) and gp91 phox and Tfn (bottom panel) was observed at the perinuclear compartment (arrowheads) and near the plasma membrane (arrows). 264.7 macrophages. Using both indirect immunofluorescence to detect endogenous Fc␥ receptors in RAW-WT cells and livecell imaging to detect stably expressed Fc␥RllaGFP in RAWFcR-GFP transfectants, we detected Fc␥ receptors in the plasma membrane but not in the endocytic recycling compartment, identified in a pulse-chase experiment using Tfn-AF647 (supplemental Fig. S4 ). These results confirm published data (52) , which suggest that Fc␥ receptors do not recycle and, as such, indicate selective accumulation of plasma membrane proteins in the endocytic recycling compartment.
Unassembled fluorescently tagged gp91
phox and p22 phox subunits localize to the ER in RAW 264. 7 
cells, while the heterodimer does not
To visualize flavocytochrome b trafficking in macrophages using live cell imaging, 22YFP and YFP91 were stably expressed in RAW cells to generate RAW-22YFP and RAW-YFP91 cell lines (Fig. 9, A and B) . However, the distribution of the fluorescently tagged subunit in each of these two cell lines was reticular (Fig. 9,  C and D) , suggesting that the fluorescently tagged subunits accumulated in the ER and were expressed in excess of their endogenous partner. Colocalization with calnexin confirmed ER localization of YFP91 in RAW-YFP91 cells (Fig. 9D) . To determine whether the ER-like distribution of 22YFP reflected unassembled 22YFP in excess of endogenous gp91 phox , CFP91 was transiently expressed in RAW-22YFP cells. Coexpression of CFP91 in RAW-22YFP cells resulted in loss of the reticular distribution of 22YFP seen in Fig. 9C , as well as a shift to the cell surface and intracellular vesicles that had a perinuclear distribution (Fig. 9E) . Colocalization of 22YFP and CFP91 was detected in the plasma membrane and intracellular vesicles (Fig. 9E) . Taken together, these data indicate that, similar to CHO cells, unassembled monomers localize to the ER in RAW 264.7 cells while p22 phox /gp91 phox heterodimers traffic to the plasma membrane and the endocytic recycling compartment.
Flavocytochrome b localizes to recycling endosomes in primary murine BMDM
We next examined the localization of flavocytochrome b in BMDM by confocal microscopy of live cells. To minimize potential problems in balancing expression of a fluorescently tagged subunit with endogenous flavocytochrome b subunits, we utilized the recently characterized p22 phox -deficient nmf333 mouse (34) to express 22YFP in BMDM. The nmf333 mouse harbors a missense mutation in the p22 phox gene that prevents expression of the p22 phox subunit. nmf333 BM progenitor cells were transduced with a retroviral vector for expression of 22YFP and then differentiated into macrophages. Western blot analysis of BMDM (Fig.  10A ) confirmed the absence of p22 phox in mock-transduced nmf333 BMDM, and that 22YFP was expressed. The relative level of the YFP-tagged p22 phox was 43 Ϯ 14% of endogenous p22 phox in mock-transduced wild-type C57BL/6J BMDM (n ϭ 3 experiments where densitometry was performed). As previously mentioned, formation of flavocytochrome b in phagocytic leukocytes increases the stability of each of its constituent subunits (1) . A small amount of residual gp91 phox expression was detected in nmf333 BMDM, which increased upon expression of 22YFP by 39 Ϯ 12% (n ϭ 3 experiments where densitometry was performed) (Fig. 10A) , consistent with the stabilization of endogenous gp91 phox by heterodimer formation. We utilized confocal microscopy to localize flavocytochrome b in nmf333 BMDM transduced with 22YFP. As shown in Fig. 10B , much of 22YFP in living macrophages was associated with intracellular vesicles (arrows) that appeared to cluster near the nucleus (arrowheads). In fixed cells, 22YFP and endogenous gp91 phox showed a very similar distribution and colocalized at the plasma membrane, on vesicles near the plasma membrane, and on perinuclear vesicles that clustered in the middle of the cell (supplemental Fig. S5A) . A similar distribution was observed for endogenous gp91 phox in wild-type BMDM (supplemental Fig. S5B ). To verify that flavocytochrome b localized to the endocytic recycling compartment in primary macrophages, recycling endosomes were labeled with Tfn-AF647, as described above. Imaging of live p22
phox -deficient BMDM transduced with 22YFP revealed colocalization of 22YFP and transferrin in vesicles near the plasma membrane (Fig. 10C, top panel, insets) and in a perinuclear distribution (Fig. 10C, bottom panel, insets) . These data indicate that flavocytochrome b is present in the endocytic recycling compartment of primary BMDM.
Flavocytochrome b trafficking during phagocytosis in BMDM
We next investigated trafficking of flavocytochrome b during phagocytosis. While use of YFP-and CFP-tagged p22 phox and gp91 phox would have allowed simultaneous imaging of both heterodimer subunits during phagocytosis, the CFP-tagged proteins were only weakly fluorescent and not suitable for collecting a series of images over time. Thus, we evaluated colocalization of 22YFP and endogenous gp91 phox , visualized by indirect immunofluorescence, in p22 phox -deficient BMDM expressing 22YFP after 2 and 15 min of phagocytosis of SOZ particles. 22YFP and gp91 phox showed a very similar distribution in the phagocytic cup (Fig. 11A, top panel, arrowheads) and nascent phagosomes (Fig.  11A, top and bottom panels, asterisks) . We also observed the presence of 22YFP and gp91 phox in discrete patches near the phagocytic cup and near phagosomes (Fig. 11A, arrows) , which appeared vesicular. We hypothesize that these regions might be endosomes involved in trafficking of flavocytochrome b between phagosomes and internalized membranes.
Flavocytochrome b colocalizes with Rab11GFP at vesicles near the phagocytic cup and sealed phagosomes
Rab11-positive recycling endosomes can be detected in the vicinity of nascent phagosomes and forming phagocytic cups (46), and they can deliver proteins such as TNF-␣ to forming phagosomes (53) . Our finding that flavocytochrome b localizes to the Rab11 endocytic recycling compartment in both RAW 264.7 and BMDM and that flavocytochrome b appeared to accumulate in discrete foci near the phagosome at different time points during phagocytosis suggested that recycling endosomes may serve as an intracellular reservoir from which additional flavocytochrome b can be delivered to the plasma membrane or phagosome. Therefore, we examined the localization of endogenous gp91 phox and Rab11GFP during phagocytosis of SOZ particles in RAW 264.7 cells. Staining of gp91 phox was evident on the plasma membrane, the phagocytic cup, and nascent phagosomes, as well as on intracellular vesicles (Fig. 11B, left column) , similar to BMDM. Some gp91 phox also appeared to be subjacent to the plasma membrane in colocalization with Rab11GFP (Fig. 11B, right column, block arrows) , consistent with the role of Rab11-positive endosomes in trafficking intracellular membrane to the cell surface (42) . Interestingly, gp91
phox was also detected on phagocytic cups that lacked Rab11GFP (Fig. 11B,  asterisks) , suggesting that some flavocytochrome b was targeted directly to phagocytic cups as they formed from the plasma membrane. Concordant with published data (54), Rab11GFP was also detected on vesicles near the base of forming phagocytic cups and on the membranes of newly formed phagosomes, where it colocalized with gp91 phox (Fig. 11B , right column, arrowheads and arrows, respectively). These data thus also suggest that Rab11-positive recycling endosomes may be involved in trafficking of flavocytochrome b between intracellular membranes and forming or nascent phagosomes.
FIGURE 10. 22YFP expressed in p22
phox -deficient BMDM localizes to the plasma membrane and endocytic recycling compartment. p22 phoxdeficient (p22 def ) BM cells were transduced with MSCV-22YFP and differentiated into macrophages for 6 -7 days. A, Lysates of WT, p22 def , and 22YFP-expressing p22 def BMDM were probed to detect p22 phox (mAb NS2), gp91 phox (mAb 54.1), and ␤-actin (mAb). Top bar graph shows the relative density of p22 phox protein, normalized to ␤-actin. Bottom bar graph shows the relative density of gp91 phox protein normalized to ␤-actin. Data shown are representative of three independent experiments. B, 22YFP expressed in p22 phox -deficient BMDM was imaged in living cells. 22YFP localizes to vesicles near the plasma membrane (insets, arrows) and vesicles that cluster near the nucleus (arrowheads). C, 22YFP-expressing p22 phox -deficient BMDM were incubated with Alexa Fluor 647-conjugated transferrin (TfnAF647, 5 g/ml) for 5 min at 37°C followed by a 25-min chase at 37°C to label the endocytic recycling compartment. 22YFP and Tfn colocalized in vesicles near the plasma membrane (top panel, insets) and near the nucleus (bottom panel, insets).
Discussion
In these studies, we show for the first time that the NADPH oxidase flavocytochrome b is localized to both the plasma membrane and the endocytic recycling compartment in macrophages. We used a combination of fluorescently tagged probes for gp91 phox and p22 phox and indirect immunofluorescence of the corresponding endogenous proteins to examine the subcellular distribution of each subunit in living and fixed cells. While our study is the first to show localization of macrophage flavocytochrome b to recycling endosome compartments, human peripheral blood monocytes also contain intracellular vesicles enriched in flavocytochrome b, but the nature of these structures and whether they recycle remains to be determined (17, 18) . Of note, Fc␥ receptors did not accumulate in recycling compartments, thereby indicating selectivity in this process despite the fact that these receptors decline in the membranes of nascent phagosomes following ingestion of IgG-coated particles (55) . Additional results from our experiments demonstrate that individual subunits of flavocytochrome b, either when expressed alone or when one subunit is expressed in excess of its partner, remain in the ER, thereby confirming previous studies in neutrophils that demonstrated that heterodimer formation is an essential prerequisite of, and provides an important signal for, efficient trafficking to more peripheral membrane compartments (10, 13, 33) . Similar data were obtained using murine RAW 264.7 macrophages, primary BMDM, and the CHO cell model system. Our demonstration that a portion of the flavocytochrome b in macrophages is present in Rab-11-positive endosomes suggests that the endocytic recycling compartment may act as a reservoir of flavocytochrome b that cycles between this compartment and the cell surface.
This study is also the first to indicate a relationship between relative expression levels of gp91 phox and p22 phox and their accumulation in different subcellular compartments. In CHO cells, where each flavocytochrome b subunit is relatively stable in the absence of its partner, both gp91 phox and p22 phox accumulated in the ER when expressed individually. Additionally, a small fraction of gp91 phox is present in its mature 91-kDa glycosylated form and traffics to the cell surface (32, 33) . These data suggest that some maturation and trafficking to the cell surface of unassembled gp91 phox occurs as an inefficient default pathway or, alternatively, it is possible that another protein is capable of directing some gp91 phox to the cell surface in CHO cells in the absence of p22 phox . Titration experiments in CHO cells showed that when coexpressed at similar levels, p22 phox and gp91 phox no longer accumulate in the ER, and instead colocalize at the cell surface and in the endocytic recycling compartment. However, in both CHO cells and macrophages, if one subunit is overexpressed compared with its partner, the "excess" subunit remains in the ER. Previous studies examining localization of p22 phox and gp91 phox in transfected cells have not addressed the importance of the ratio of the two subunits or clearly shown that the location of the heterodimer may be distinct from the location of the individual subunits (56, 57). phox in the plasma membrane with subjacent to Rab11GFP, and asterisks mark a phagocytic cup that is gp91 phox -positive, but Rab11GFP-deficient.
In neutrophils, specific granules carrying flavocytochrome b can serve as a storage pool and a mechanism by which flavocytochrome b is recruited to the plasma membrane and phagosomes. Our findings localizing flavocytochrome b to Rab11-positive and Rab5-positive endosomes in macrophages suggest that recycling endosomes may serve a similar function. Macrophages have the capacity to rapidly ingest many large particles or microbes, and it has long been known that cell surface area increases during phagocytosis (58 -60) . Membrane compartments mobilized for expansion of the cell surface include but are not limited to Vamp3-and/or Rab11-positive endosomes (46, 53, 54, (61) (62) (63) . However, the nature of the compartments mobilized in response to any one stimulus remains controversial, and the extent to which vesicles fuse directly with forming phagosomes as compared with the "uninvolved" plasma membrane is not well defined (60, 64) . Thus, it is also possible that fusion of recycling endosomes with the cell surface provides a mechanism to replenish plasma membrane flavocytochrome b during phagocytosis or macrophage activation, as has been described for TNF-␣ (53, 62) . Alternatively, it is also possible that recycling endosomes remove flavocytochrome b from the membranes of phagosomes as they mature. In either case, it is interesting to hypothesize that macrophages, which unlike neutrophils are long-lived cells, may utilize this compartment to retain and conserve the use of flavocytochrome b.
Salmonella enterica serovar Typhimurium (S. typhimurium) is a facultative intracellular pathogen of macrophages. An essential aspect of virulence is the ability of Salmonella to introduce bacterial effector proteins into the cytosol of host cells using a type III secretion system that disrupts membrane trafficking and prevents phagosome maturation. Previous studies by us and others have shown that effectors of the Salmonella pathogenicity island 2-encoded type III secretion system are also required to prevent accumulation of NADPH oxidase components, including flavocytochrome b on Salmonella compartments in primary murine and human macrophages (6, 7) . Although the mechanisms of action of type III secretion system effectors are not well defined, it is attractive to predict that targeting Rab11 may allow selective depletion of flavocytochrome b from the Salmonella phagosome, as has recently been reported for CD44 (65) .
In summary, these studies show that much of the NADPH oxidase flavocytochrome b in macrophages is present in the recycling endocytic compartment. Future studies will investigate the trafficking between this intracellular "pool" of flavocytochrome b and phagosomes and/or the plasma membrane during microbial infection, thus examining a potential mechanism by which superoxide production can be regulated.
